Objective: Serum cystatin C (sCysC) used clinically for detecting early acute kidney injury (AKI) was reported to be independently associated with hemoglobin (HbA1c) levels, diabetes, and prediabetes. We aimed to assess the influence of HbA1c levels, diabetes, or prediabetes on the performance of sCysC for AKI detection in critically ill adults. Methods: A prospective observational study was conducted in a mixed medical-surgical intensive care unit (ICU). Patients were divided into four quartiles based on levels of HbA1c or serum glucose at ICU admission, respectively. Additionally, patients were stratified into four subgroups according to HbA1c levels and history of diabetes, namely recognized diabetes (previous diagnosis of diabetes), unrecognized diabetes, prediabetes, and normal glycemic status. Comparisons were made using the area under the receiver operator characteristic curve (AUC) for AKI detection, and reassessed after patient stratification by above-mentioned glycemic status. Results: Multivariable linear regression revealed that HbA1c levels and history of diabetes were positively related with sCysC (all p < .05). Although stratification for above-mentioned glycemic status displayed no significant difference between AUC of sCysC (all p > .05), sCysC yielded the highest AUCs for detecting AKI in diabetic patients. Moreover, higher optimal cutoff values of sCysC to detect AKI were observed in patients with versus without diabetes. Conclusion: Glycemic status has no significant impact on the accuracy of sCysC for AKI detection in critically ill adults and a higher optimal cutoff value of sCysC for AKI detection should be considered in diabetic patients.
Introduction
Acute kidney injury (AKI) is prevalent and independently associated with adverse outcomes [1, 2] , especially in the critically ill [1, 3] . The unavoidable delay in the identification of AKI has stimulated the development of several novel biomarkers, such as neutrophil gelatinaseassociated lipocalin [4] , kidney injury molecule-1 [5] , tissue inhibitor of metalloproteinase-2, insulin-like growth factor binding protein 7 [3] , and cystatin C (CysC) [6] [7] [8] . Among them, serum cystatin C (sCysC) is clinically available in European, North American, and Asian medical centers. Since clinically available markers can be applicable worldwide [9] , sCysC becomes one of the most extensively studied AKI biomarkers [6, 10, 11] . CysC, a 13-kDa cysteine proteinase inhibitor [12] , is freely filtered in the glomeruli, completely absorbed in the renal proximal tubule and is not secreted into the urine by the tubule [10, 12] . The characteristics of CysC make it a reliable marker of the glomerular filtration rate (GFR) [12, 13] . Although previous studies suggested that CysC may be a potential AKI biomarker [7, 10, 14] , the inconsistent results [14] [15] [16] limit its widespread application for AKI detection in clinical practice.
Apart from AKI, elevated levels of sCysC are independently associated with diabetes mellitus (DM) [17, 18] , and prediabetes [19, 20] . Notably, the previous study [17] revealed that DM caused blood CysC to deviate higher than expected from GFR. In addition, glycated hemoglobin (HbA1c) was found to be an independent predictor for the increment of sCyC levels in diabetic patients [21] . Moreover, diabetes, prediabetes and elevated levels of HbA1c are common in critically ill adults [22] [23] [24] [25] . Importantly, critically ill patients with diabetes or high levels of HbA1c are at a high risk of developing AKI [25, 26] . However, the impact of HbA1c levels, diabetes, or prediabetes on the performance of sCysC for AKI detection in heterogeneous patient populations has not been well clarified.
Accordingly, we undertook a prospective, observational study in a large population of a mixed medical-surgical intensive care unit (ICU) to evaluate the performance characteristic of sCysC for AKI detection in patients stratified for glycemic status. HbA1c levels, serum glucose levels at ICU admission, or history of diabetes were used as indicators of glycemic status.
Methods

Study design and participants
The present prospective observational study was conducted in mixed medical-surgical ICU of a tertiary care hospital in China. All consecutive patients aged 18 years or older between October 2014 and June 2016 were eligible for enrollment. The exclusion criteria included endstage renal disease (ESRD) or undergoing renal replacement therapy (RRT) before ICU admission, history of nephrectomy or kidney transplantation before ICU admission, or refusal to consent. The protocol met the Strengthening the Reporting of Observational Studies in Epidemiology [27] and Standards for Reporting Diagnostic Accuracy [28] criteria. All experiments were performed in accordance with the approved guidelines, protocols, and regulations. The Ethics Committee of the Guangdong Provincial People's Hospital approved the protocol. Written informed consent was obtained from each patient or from appropriate surrogates for patients unable to consent.
Data collection
Patients' baseline clinical characteristics were prospectively collected. All samples were collected simultaneously within one hour after patients were admitted to the ICU. Serum CysC, and HbA1c levels were measured once at ICU admission. Serum creatinine (sCr) and glucose were measured at ICU admission, and thereafter at least once a day as a part of routine clinical care during ICU hospitalization. Patient's hourly urine output from ICU admission to discharge was recorded. The following clinical variables were collected: age, sex, body mass index (BMI), hypertension, DM, chronic kidney disease (CKD), coronary artery disease (CAD), malignance, thyroid disease, sepsis, previous application of antidiabetic drugs, previous corticosteroids administration, admission type, baseline sCr, baseline-estimated glomerular filtration rate (eGFR), sCr at ICU admission, Acute Physiology and Chronic Health Evaluation (APACHE II) score, length of ICU stay, length of hospital stay, renal RRT during ICU stay, ICU mortality, and in-hospital mortality. The baseline eGFR was estimated by the Modification of Diet in Renal Disease (MDRD) formula [29] .
Definitions
AKI was diagnosed based on the Kidney Disease Improving Global Outcomes (KDIGO) criteria for AKI within 1 week after ICU admission [30] as any of the following: increase in sCr by !0.3 mg/dl (!26.5 mmol/l) within 48 h, increase in sCr to !1.5 times baseline within 1 week, or urine output <0.5 mL/kg/h for 6 h. A baseline creatinine was determined according to the following rules ranked in the descending order of preference as previously described [31] : (1) the most recent pre-ICU value between 30 and 365 days before ICU admission (n ¼ 148); (2) a stable pre-ICU value >365 days for patients aged <40 years (stable defined as within 15% of the lowest ICU measurement) before ICU admission (n ¼ 4); (3) pre-ICU value >365 days before ICU admission and less than the initial sCr at ICU admission (n ¼ 56); (4) a pre-ICU value (between 3 and 39 days before ICU admission) less than or equal to the initial on-admission sCr to ICU and not distinctly in AKI (n ¼ 647); (5) the lowest sCr upon initial admission to ICU (n ¼ 150), the last ICU value (n ¼ 183), or the minimum value at follow-up to 365 days (n ¼ 129). Established AKI was defined as diagnosis of AKI at ICU admission. Later-onset AKI indicated as no AKI diagnosis at ICU admission but reached the KDIGO criteria within 1 week after admission. Sepsis was diagnosed based on the American College of Chest Physicians and the Society of Critical Care Medicine Consensus Conference Committee guidelines [32] .
Measurement of serum CysC, creatinine and HbA1c
Serum CysC, creatinine, and glucose were measured using the UniCel DxC 800 Synchron System (Beckman Coulter, Brea, CA, USA) according to the manufacturer's instructions. The coefficients of inter-assay and intraassay variation in sCysC were <5% and 10%, respectively. The stability of sCysC has already been demonstrated [33, 34] , and thereby pre-analysis about the influence of cooling or freezing on the samples was not executed. Measurement of HbA1c was performed using the ion-exchange high-performance liquid chromatography (HPLC) on the Bio-Rad D-10 system (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer's instructions. The normal range was 4.3% to 6.1%. All samples were measured at the central laboratory of the Guangdong Provincial People's Hospital using a standard protocol within 24 h after collection. The personnel measuring were blinded to each patient's clinical characteristics.
Patient groups
We first categorized patients into four quartiles based on admission HbA1c levels. The patients were also divided into four quartiles according to admission serum glucose levels. Additionally, stratification analysis was performed based on HbA1c levels and history of diabetes to elucidate potential misclassification of a formerly undiagnosed abnormal glycemic status (diabetes or prediabetes). Thereby, the patients were stratified into four subgroups analogous to the study by Kompoti et al. [24] , namely normal glycemic status, prediabetes, recognized diabetes, and unrecognized diabetes. According to the patients' prior hospital case records and histories provided by the patients or their family, patients were considered as having 'recognized diabetes' if they had a diagnosis of diabetes before ICU admission or at least 1 prescription for an oral antidiabetic agent or insulin before ICU admission. Based on the American Diabetes Association criteria [35] , patients without previous diagnosis of DM were further classified into patients with 'unrecognized diabetes' (with HbA1c ! 6.5%), patients with 'prediabetes' (HbA1c within the range 5.7% to 6.4%), and patients with 'normal glycemic status' (with HbA1c < 5.7%). Baseline characteristics were compared among these groups.
Statistical analysis
We used the SPSS version 13.0 (SPSS, Chicago, IL), MedCalc version 12.5.0 (MedCalc Software, Ostend, Belgium), and R version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria) software programs for statistical analysis.
Based on a chart review of 177 patients admitted to ICU (unpublished), the occurrences of total AKI and later-onset AKI was 19.2% and 8.9%, respectively. According to the previous study described by Hanley et al. [36] , we estimated that a sample size of 1040 patients was required, with a two-sided test (a error = 5%; power = 80%). Continuous variables were presented as means ± standard deviation or medians (interquartile range). Categorical variables were expressed as number (percentage). The non-normally distributed continuous variables were compared using Wilcoxon rank-sum test or the Kruskal-Wallis test for one-way analysis of variance. If the Kruskal-Wallis test showed statistical significance, a post hoc Steel-Dwass test was subsequently conducted. To compare the categorical variables, the Chi-square or Fisher's exact test was used. The variables (sCysC, serum glucose, sCr, HbA1c, and baseline eGFR) displayed non-normal distributions. Therefore, a nonparametric test (Spearman's) was used to assess their correlations. Multivariable linear regression analysis with a stepwise variable selection was then used to assess the relationship between sCysC and other variables.
In order to assess the discrimination capability of sCysC for AKI detection, receiver-operating characteristic (ROC) curve was generated. The area under the curve (AUC) was derived from the ROC curve. All confidence interval (CI) presented are 95%. The comparison of AUC between the groups was conducted using Hanley-McNeil methods [37] . AUCs were described with the following values as previously described [38] : 0.90-1.0 excellent, 0.80-0.89 good, 0.70-0.79 fair, 0.60-0.69 poor and 0.50-0.59 no useful performance. The sensitivity and specificity of sCysC was calculated. Based on the Youden's index [39] , a statistically derived value, maximizing the sum of the sensitivity and specificity was used to define the optimal cutoff value for AKI detection. All the tests were two-tailed, and p < .05 was considered statistically significant.
Results
Patient characteristics
Of 1317 enrolled patients, 379 (28.8%) patients were diagnosed as AKI ( Figure 1 ). There were 225 diabetic patients including patients with a prior diagnosis of DM and those with admission HbA1c ! 6.5% but no prior diagnosis of DM (Additional file 1: Supplementary Table  S1 ). A greater percentage of the patients with AKI had preexisting DM and CKD compared to patients without AKI (all p < .05). The concentrations of sCysC, sCr, serum glucose, and HbA1c at ICU admission were significantly higher in patients with AKI than in non-AKI patients. Higher BMI and APACHE II scores were also recorded in patients with versus without AKI. Moreover, adverse outcomes occurred more frequently in patients with AKI than in those without AKI.
The results revealed weak but significant correlations between sCysC and HbA1c (r ¼ 0.224, p < .001) and between sCysC and history of diabetes (r ¼ 0.190, p < .001), but not between sCysC and admission serum glucose (r ¼ 0.008, p ¼ .759) ( Table 1 ). In multivariable linear regression (Table 2) diabetes (standardized beta = 0.070, p < .001) were positively related to sCysC.
Performance of sCysC for AKI detection
Serum CysC at ICU admission showed fair discriminative ability for total AKI and poor predictive ability for lateronset AKI overall (Additional file 2: Supplementary Table S2 ). The AUC of sCysC for detecting total AKI was 0.765 (95% CI, 0.736-0.795). In addition, sCysC predicted later-onset AKI with an AUC of 0.689 (95% CI, 0. 641-0.738).
Performance of sCysC for AKI detection in patients with different levels of HbA1c
Participants were initially divided into four quartiles based on HbA1c levels at ICU admission. The baseline clinical and laboratory characteristics with different concentrations of HbA1c are presented in Table 3 . Serum CysC increased across HbA1c quartiles (p < .001).
Patients in the highest quartile were older and had greater incidence of AKI compared to those in other quartiles. The performance of sCysC in detecting AKI after stratification for HbA1c levels were assessed ( Table 4) . The AUC for total AKI detection was calculated as 0.762 in quartile I, 0.722 in quartile II, 0.727 in quartile III, and 0.788 in quartile IV. No significant difference in the AUC between any two subgroups was observed (all p > .05). Similarly, sCysC failed to yield any significantly different AUC for later-onset AKI prediction after patient stratification by HbA1c levels. The AUC for later-onset AKI prediction was calculated as 0.698 in quartile I, 0.655 in quartile II, 0.712 in quartile III, and 0.688 in quartile IV.
Performance of sCysC for AKI detection in patients with different levels of serum glucose at ICU admission After stratification by serum glucose at ICU admission, sCysC did not show significantly changed performance for AKI detection (Additional file 3: Supplementary Table S3 ). The levels of sCysC did not decrease across admission serum glucose quartiles (Additional file 4: Supplementary Table S4 and Additional file 5:  Supplementary Table S5 ).
Performance of sCysC for AKI detection after patient stratification by history of diabetes and HbA1c levels Although Table 5 demonstrates no significant difference in the AUC of sCysC for AKI detection between any two subgroups (all p > .05), sCysC yielded the highest AUCs in diabetic patients (both recognized and unrecognized diabetes). In diabetic subgroup, sCysC showed good discrimination for total AKI and fair predictive ability for later-onset AKI. In patients with recognized diabetes, sCysC detected total AKI detection with an AUC of 0.816 (95% CI, 0.738-0.894) and predicted later-onset AKI with an AUC of 0.774 (95% CI, 0.632-0.917), respectively. In the unrecognized diabetes subgroup, sCysC detected total AKI detection with an AUC of 0.819 (95% CI, 0.735-0.903) and predicted later-onset AKI with an AUC of 0.750 (95% CI, 0.615-0.885), respectively.
Moreover, the optimal cutoff value of sCysC for detecting total AKI was markedly higher in diabetic patients than in those without diabetes (1.24 mg/L in the group with recognized diabetes, 1.31 mg/L in the group with unrecognized diabetes, 0.98 mg/L in the group with prediabetes, and 0.83 mg/L in the group with normal glycemic status). Similarly, the optimal cutoff value of sCysC for predicting later-onset AKI was calculated as 1.20 mg/L in the group with recognized diabetes, 0.93 mg/L in the group with unrecognized diabetes, 0.87 mg/L in the group with prediabetes, and 0.72 mg/L in the group with normal glycemic status ( Table 5 and Figure 2 ).
In the entire cohort, the patients with diabetes had markedly higher levels of sCysC than those without diabetes (Additional file 6: Supplementary Table S6) . Moreover, the incidence of total AKI in the diabetic patients was greater compared to that in those without diabetes (p < .001). Similarly, higher incidence of lateronset AKI was noted in patients with diabetes versus those without diabetes (Additional file 7: Supplementary Table S7) .
Discussion
This large prospective study demonstrated that glycemic status had no significant impact on the discriminative ability of sCysC for AKI in critically ill adults and suggested that a higher optimal cutoff value of sCysC for AKI detection should be considered in patients with diabetes.
Serum CysC is a promising and clinical available AKI biomarker worldwide. However, conflicting results [14] [15] [16] limit its widespread application for AKI detection. Of note, elevated levels of sCysC are independently associated with HbA1c levels [21] , diabetes [17, 18] , and prediabetes [19, 20] other than AKI. Importantly, diabetes is a well-recognized risk factor for AKI [26] and Oezkur et al. [25] found that elevated levels of HbA1c (!6.0%) were independently associated with an increased risk of AKI. Therefore, it is necessary to demonstrate the comparative performance of sCysC for AKI detection in heterogeneous patient populations with different glycemic status. HbA1c is an established marker to diagnose diabetes and estimate chronic hyperglycemia control. Recent evidence suggests that HbA1c is not affected by critical illness and remains a reliable indicator to estimate previous glycemic control in adult patients admitted to ICU [40] . Compared to the fasting blood glucose, the HbA1c has advantages, such as less day-to-day perturbations during critically illness condition and more convenience [40, 41] . The present study was conducted in a general adult ICU with a heterogeneous cohort, and hence it is difficult to obtain fasting blood glucose. Based on these reasons, HbA1s and blood glucose at ICU admission were chosen, instead of fasting blood glucose. To our knowledge, thus far, no study has examined the influence of HbA1c on the discriminatory ability of sCysC for AKI in adult critically ill patients. In the current study, weak correlations between sCysC and HbA1c and between sCysC and history of diabetes were observed. Furthermore, as expected, sCysC was positively associated with HbA1c AKI: acute kidney injury; AUC-ROC: area under the receiver operating characteristic curve; CI: confidence interval; HbA1c: glycosylated hemoglobin; SENS: Sensitivity; sCysC: serum cystatin C; SPEC: specificity; Later-onset AKI, indicated no AKI diagnosis at ICU admission but reaching the KDIGO criteria within 1 week after admission. The 'recognized diabetes' was identified using the hospital case records and history provided by patients or their family; patients without previous diagnosis of diabetes were further classified according to the level of HbA1c at ICU admission as 'unrecognized diabetes' (HbA1c !6.5%), 'prediabetes' (HbA1c within the range 5.7% to 6.4%), and 'normal glycemic status' (HbA1c < 5.7%). after adjusting for age, sex, BMI, history of DM, and CKD. On one hand, the levels of sCysC are essentially determined by the GFR [10] . Both diabetes and chronic poor glycemic control could contribute to a higher frequency of renal injury, which was translated into higher concentrations of sCysC [18] . On the other hand, compared to nondiabetic patients, normoalbuminuric diabetic patients without CKD present higher cystatin C levels [18] . Additionally, sCysC levels were found to increase with the increase of HbA1c in diabetic patients without renal injury [42] . It has been reported that insulin resistance is independently increased with increasing HbA1c levels [43] , while sCysC levels are associated with insulin resistance regardless of renal function [44] . Accumulating evidence suggest that elevated HbA1c levels may have a role in interfering sCysC concentrations. However, the difference of AUC among different quartiles of HbA1c or admission serum glucose did not reach statistical significance. Our findings suggest that neither admission HbA1c nor serum glucose have significant impact on the accuracy of sCysC for AKI detection, and therefore, the application of sCysC for AKI detection in heterogeneous patient populations with various glycemic status seems to be appropriate. There were inconsistent results regarding the prognostic value of CysC for kidney function in diabetic patients. In a study of 121 diabetic patients undergoing coronary angiography, Sławomir et al. [45] concluded that sCysC was not more useful than eGFR in the evaluation of kidney function in diabetic patients with coronary heart disease. Nevertheless, Arun et al. [46] suggested that an increase in sCysC levels may indicate acute renal insufficiency in both diabetic and nondiabetic patients after coronary artery bypass grafting surgery procedure. In this large heterogeneous cohort, the accuracy of sCysC in detecting AKI was not compromised in patients with diabetes or prediabetes and supports its clinical applicability in these subpopulations. Interestingly, higher optimal cutoff values of sCysC for AKI detection were recorded in patients with diabetes (both recognized and unrecognized diabetes) versus those without diabetes. The finding of this study indicates that a higher optimal cutoff value of sCysC should be noticed in critically ill adults with diabetes for AKI detection. The decrease of renal function is the most important factor for the increment of sCysC from baseline, thereby the baseline renal function may play an important part in the higher optimal cutoff value of sCysC in diabetic patients. In our study, patients with diabetes or prediabetes demonstrated higher levels of serum creatinine and rates of CKD in comparison to their counterparts without diabetes or with lower HbA1c levels. Both Figure 2 . Performance of sCysC for AKI detection after patient stratification by history of diabetes and HbA1c levels. A, recognized diabetes; B, unrecognized diabetes; C, prediabetes; D, normal glycemic status; E, recognized diabetes; F, unrecognized diabetes; G, prediabetes; H, normal glycemic status. The patients with 'recognized diabetes' was identified as those with previous diagnosis of diabetes; patients without previous diagnosis of diabetes were further classified according to the level of HbA1c at ICU admission as 'unrecognized diabetes' (HbA1c !6.5%), 'prediabetes' (HbA1c within the range 5.7% to 6.4%), and 'normal glycemic status' (HbA1c <5.7%). AKI: acute kidney injury; AUC: area under the curve; CI: confidence interval; Later-onset AKI, defined as no AKI diagnosis at ICU admission but reaching the KDIGO criteria within 1 week after admission; sCysC, serum cystatin C; HbA1c, glycated hemoglobin.
diabetes and chronic poor glycemic control (high HbA1c levels) could contribute to a higher frequency of diabetic nephropathy, which was translated into higher concentrations of sCysC [18] . Accordingly, this is the potential reason for different sCysC cutoff values in these subgroups.
Our study has several limitations. First, we measured sCysC only once at ICU admission. As the Acute Dialysis Quality Initiative (ADQI) cannot recommend a serial testing schedule [26] , it is not practical and cost-effective for collecting and measuring a series of samples at frequent time points. We speculate that our conclusions are not debilitated by this limitation. Second, sCysC levels could theoretically be elevated due to a variety of conditions, such as inflammation or thyroid function, and not specifically in response to AKI [10, 47, 48] . These factors such as thyroid function and C-reactive protein (CRP) were not included in this study. Although prior reports [47, 48] found that thyroid function, CRP, or BMI did not have statistically significant influence on the diagnostic accuracy of sCysC for AKI detection, further study and discussion is required. Third, in our population, serum creatinine at ICU admission was selected for baseline creatinine only when pre-ICU baseline creatinine was not available [31] . Although serum creatinine at ICU admission is the last preference for baseline creatinine selection, the problem of steady state of serum creatinine at ICU admission should be considered. Fourth, we did not consider the standardization of potential confounders related to sCysC prior to ROC analysis in each HbA1c quartiles. Regarding to potential confounders, future study is need. Considering that HbA1c is an easy-to-use and reliable laboratory marker, we mainly focus on its effect on the discriminatory ability of sCysC for AKI. In the present study, sCysC could detect AKI with reasonable certainty in 4 quartiles based on HbA1c levels. Thus, we use similar statistical method referring to the previous study about the impacts of thyroid function on the diagnostic accuracy of sCysC for AKI [48] . Last but not least, low APACHE II scores were observed in our cohort, which may limited the generalizability of our conclusion.
Conclusion
The present study indicates that glycemic status has no significant impact on the performance of sCysC to detect AKI and a higher optimal cutoff value of sCysC should be considered for AKI detection in critically ill adults with diabetes. As this study was conducted in a large population of ICU patients, our findings could have useful clinical implications for actual heterogeneous critically ill adults at risk for AKI.
